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ABSTRACT

The high density structure of the Venusian atmosphere
as presently conceived almost certainly guarantees successful
entry in terms of energy dissipation. The high entry velocitles
ranging from 40,000 fps to over 50,000 fps associated with
several manned flyby trajectories, however, dictate the use of
shallow entry corridors resulting in restrictive operational
capability. Small, low ballistic parameter atmospheric probes
will not be as restricted as larger payload probes.

Following entry and deceleration, low rates of sink
are achieved at high altitudes resulting in large dispersions
in time to fall due to uncertainties in the atmospheric density.
The low rates of sink, though, permit high altitude deployment
of payloads.

In spite of the high temperatures in lower atmosphere,
1t 1s quite feasible to "target" for a temperate region which
occupies an altitude band between 125,000 ft. and 215,000 ft.

Following entry, a typical entry probe will be in line
of sight to the manned flyby spacecraft for a 1.5 to 2 hour
period during spacecraft periapsis passage. Longer communications
periods will require an orbiter data link.
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SUBJECT: Unmanned Entry into the DATE:  July 24, 1967
Venusian Atmosphere
Case 233 FROM: D, E. Cassidy

T™M-67-1013-6

TECHNICAL MEMORANDUM

INTRODUCTION

For manned planetary flyby missions during the various
Mars and Venus opportunities in the late 1970's, considerable
attentlon will be given to experiments performed during the
planetary encounter periods. A number of these experiments will
be performed close to or on the planet surface, requiring
penetration into the planetary atmospheres. The constraints
imposed by atmospheric entry on the overall mission in terms of
entry probe weights and sizes and operational requirements are
then of considerable interest to mission planning. The purpose
of this memo is to address these questions associated with the
Venus encounters and to develop a baslc strategy for defining
complements of entry probes.

ENTRY CONDITIONS

The typical missions considered in this analysis are
the 1975 single-planet, 1977 triple-planet, and the 1976 and
1978 dual-planet flybys. The entry velocitles associated with
these opportunities are presented in Figure 1 (where entry is

defined at 7 x 106 feet altitude). The Venus entry velocities
during these periods range from 40,000 fps to over 50,000 fps,
while the Mars entry velocities are on the order of 22,000 fps

to 26,000 fps. In the case of Mars entry, the tenuous atmosphere
presents problems in providing for sufficient dissipation of an
entry vehicle's initial energy by requiring low ballistic
parameter (M/CDA) vehicles and shallow entry angles. The high

density Venusian atmosphere, on the other hand, 1s quite adequate
for providing energy dissipation, but the high entry velocities
introduce problems in managing the entry heating environment.

Figures 2 and 3 present the atmospheric pressures and
densities for the upper, mean, and lower model atmospheres ob-
tained from Reference 1. The corresponding pressures and
densities for the ARDC 1959 earth atmosphere are dashed on the
two figures for comparison. The Venusian model atmospheres are
seen to be considerably denser than earth throughout the altitudes
influencing entry. The effects of this, as will be illustrated
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later in Figures 13 and 14, are that an entry vehicle will
decelerate high in the Venusian atmosphere where experiment
deployment can be considered at relatively low sink rates for
relatively heavy payload packages.

ENTRY ENVIRONMENT

Although the high density atmosphere makes entry
"easier" in some respects, the high entry velocities do present
particular design problems. The ensuing entry environment becomes
of considerable concern and could impose severe structural and
heating penalties on the entry vehicle shell structure and pay-
load. The entry environment, however, 1s a strong function of
the vehicle characteristics and initial entry angle. For a
light weight low ballistic parameter vehicle, deceleration
would occur at low densities in the upper atmosphere where the
radiation heat transfer coefficient is lowest. Radiation heat
transfer from the shock layer is of particular interest for the
high velocity Venus entries since it 1s a strong velocity as
well as density dependent mechanism from which current ablation
materials offer poor protection.

The initial entry angle 1is also important since shallow
entry provides for more gradual slow down in the upper atmosphere
resulting in lower deceleration and reduced radiation heating.

The longer heating times associated with shallow angles, however,
increase the convectlve heat load. For a given vehicle, a minimum
heat load entry angle exists by trading off the radiation and
convective heat loads. Generally, due to the sensitivity of
radiative heating to entry angle, this minimum heating entry

angle will tend to be relatively shallow for the high entry
velocities of interest for Venus.

STRUCTURAL LOADS

The peak decelerations for a ballistic vehicle are
presented in Figure 4 for entry into the low density Venus
model atmosphere. Except for the shallow entry angles, the low
density model has the highest effective scale height in the
stratosphere resulting in the highest structural loads of the
three model atmospheres. The loads for the shallow angles are
presented in Figure 5 for entry at 49,000 fps.

If 1ift was introduced, the structural loads could be
reduced, but at the expense of deeper penetration and potentially
higher heating. A 1lifting vehicle would also require roll
stabilization and a more complex vehicle structure. 1In fact, the
lifting structure under the low loads could weigh more than the
ballistic structure under the higher loads due to packaging



BELLCOMM, INC. -3 -

efficiency. Gee sensitive instrumentation might require low
load considerations, but at this point it is felt that lifting
entry is not necessary for unmanned systems, since the 100 gee's

or so, Figure 5, for shallow entry should not penalize instru-
mentation appreciably.

Shallow entry could present some operational constraints,
as will be discussed later, but, it does tie in with the desire
to reduce the radiation heating, which is of considerable concern.

AERODYNAMIC HEATING

The maximum radiative and convective heating rates to
the stagnation point of a one foot radius spherical nose are

‘ presented in Figure 6 for an entry velocity of 49,000 fps

utilizing the low density atmospheric model. The corresponding
integrated heating loads are presented 1n Figure 7. The radiation

load was computed from a correlation for CO2—N2 mixture32 and was
assumed to originate in an optically thin adiabatic shock layer.

Recent studies3’4 have found that this correlation overestimates

the heat transfer by a factor of two or three since it does not
account for the energy absorption within the shock layer. The
absolute magnitude of the radiative heating is, therefore, in
question, but the sensitivity to parameters is significant. The
important point is the effect of entry angle and ballistic parameter
which is illustrated by the exponents on the variational functions
in Figures 6 and 7.

Of particular concern under the high radiation heating
is the performance of ablator materials. Subsurface heating from
ultraviolet radiation can increase internal gas pressures resulting
in surface spallations. Combined with shear forces in the boundary
layer, severe mechanical failure of the material can result. Also,
the effective heat protection capabilities of ablators under high
radiation load is not well understood. The large blockage of
convective heating due to transpiration of the products of
ablation in the boundary layer has a negligable effect on the
radiation heating. Low effective heats of ablation are then
assumed under radlation loads, resulting in larger quantities of
ablator loss during entry.

As an additional consideration, the high shear stresses
on the surface material dictate high stress, high density ablator
materials. These materlials have characteristically higher thermal
conductivity and, therefore, greater insulation weight requirements
in order to maintaln reasonable bond line temperatures.
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VEHICLE CONSIDERATIONS

Figures 6 and 7 deal with the stagnation point heating.
The heating penalties to the entire entry vehicle are more
complex and depend upon the vehicle shape. Generally, blunt
shapes minimize convective heating and slender shapes minimize
radiation heating. This is based on the dimensional dependence
of convective and radiative unit area heating. The convective
dependence varies as 1/YR and the radiative heating as R (R

is the vehicle spherical nose radius). However, a recent paper10
concludes that there is a weaker dimensional dependence of
radiation due to shock layer absorption, and that radiation varies

more like vR. In the interest of conservatlsm, though, Figure 8
is based on the stronger dimensional dependence of radiation.

With a given set of entry conditions, an optimum
vehicle shape can be generated, theoretically, to minimize the
total heat load and heat protection weight. This optimum
vehicle is difficult to generate, however, due to the coupling
of the radiation and convective mechanisms, ablator performance
and the uncertainties of turbulent transition in a boundary
layer contaminated with products of ablation, and does not lend
itself readily to parametric analysis. These effects are currently
subjects which are receiving considerable attention from theoreti-
cal and experimental researchers.

Rather than undertake the task of optimizing entry vehicle
shapes for a varlety of entry conditions, a blunted cone with a
60° half angle and spherical nose radius ratio of 5 or so will
be considered here. The 60° cone has a large hypersonic drag
coefficient and, therefore, a characteristically low ballistic
parameter required to accommodate the high Venusian entry
velocities. The 60° blunted cone will be considered as a nominal
configuration as long as the payload can be reasonably packaged
without exceeding some base diameter, say 20 ft. Alternatively,
a more slender, higher fineness ratio cone could be employed.
Although a more slender cone would have the additional feature
of reducing the radiation heating penalty,.the radiation load
could be more than off-set by turbulent heating.

In order to keep probe designs as tenable as possible,
then, entry will not be considered for very steep entry unless
the vehicle is dimensionally small and light weight.

With shallow entry in mind, typical payload fractions
are presented in Figure 8 for the 60° cone entering Venus at
49,000 fps at an entry angle of -13°. The -13° angle is the
steep side of the entry corridor which will be discussed later.
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For a given diameter in Figure 8, the fall off in payload
fraction at the low ballistic parameters results from large
structural and thermal insulation weights, while at the high
ballistic parameters the fall off is due to large radiation
heating loads. The dimensional dependence of radiation shows
up by reducing the mass fraction at the larger diameter

These payload fractions can then be used as a guide
for determining entry probe capabilities.

ENTRY CORRIDOR

The entry corridor is generally defined as the
difference between the hypothetical vacuum periapsis altitudes
of two entry trajectorlies with specified operational constraints.
The absolute overshoot of the entry corridor, although not
necessarily the operational overshoot, can be thought of as
the trajectory which enters at a shallow angle but does not
exit the atmosphere following initial entry. For the Venus
entries, the flight path angles corresponding to the absolute
overshoot are presented in Figures 9 and 10. It is evident from
Figure 11 that entry near the absolute overshoot produces large
range dispersions over the planet surface. Since presently
there are no surface features on Venus which require accurate
targeting, range dispersions should not represent an appreciable
constraint. Entry angles of -11° to -12° willl then be considered
tolerable for operational overshoot limits.

Since the primary motivation for maintaining the angles
shallow is the high heating loads at steep angles, the steep
side of the corridor will be determined by the capability of
the approach guidance system. For guidance corridor capability
on the order of 10 nautical miles, the undershoot can be maintained
at about -13°. With a -12° overshoot, the resulting 1° corridor
has a U4° to 5° planetary central angle dispersion over the estimated
range of atmospheric uncertainty (Figure 11).

Although the corridor constraints are somewhat heuristic,
little would be gained operationally by opening up the steep
side of the corridor only a few degrees. This will be illustrated
later under operational considerations.

ATMOSPHERIC OPERATIONS

As discussed previously, the high density structure of
the Venusian atmosphere offers a certain amount of compensation
for the high entry velocities and high atmospheric temperatures.
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The temperature profiles for the three model atmospheres' are
presented in Figure 12. It 1s apparent that the thermal environ-
ment throughout the lower levels of the atmosphere will be a
fundamental deslgn constraint for any operational system. There

is an intermedlate region offering "temperate" conditions, however,
whilch 1s of great exploratory interest occupying an altitude

band from 125,000 ft. to 215,000 ft. and ranging in temperature
from O0°F to 100°F. This region, shaded in Figure 12 could offer

a hospitable environment for conducting atmospheric experiments

and searching for 1life forms.

The temperate region lies below the estimated tops of
the dense Venusian clouds, and hence, consliderable uncertainty

exists as to 1ts structure. No credibility is implied here,
but one must work with what appears to be the best available data.

Therefore, with the present modelsl it 1is of interest to pursue the
temperate region further.

The equivalent earth density altitudes in this region
are on the order of 40,000 ft. or lower. With these relatively
high densities, flotation devices could be considered as reason-
able exploration platforms. Unfortunately, a constant buoyancy
device could not guarantee flotation within this "temperate"
region with the large density uncertainties that presently
exist. For example, the darkened circles on Figure 12 represent
the operational conditions for a constant buoyancy device con-
strained not to violate an upper temperature limit of 100°F.

The darkened triangles are constrained to an upper temperature
limit of 200°F. 1In both cases, the mean model atmosphere is
within the temperate region. However, when atmospheric extremes
are consldered, the latter case has a possible temperature range
of -80°F to +200°F, and the former -120°F to 100°F. The -80°F
to +200°F range is more compatible with nylon balloon material

performance,6 but the higher temperatures could be quite penalizing
to experiments and electronic systems.

It appears reascnable to expect that the present
uncertainties in the Venusian atmosphere should be reduced
following the 1967 Mariner. It is not clear, however, that the
density and temperature uncertainty will be reduced sufficiently
to accommodate a constant buoyancy device. At least some type of
altitude cycling floater, or variable buoyancy device, would be
desirable for providing wide altitude coverage and sufficient
flexibility to compensate for atmospheric uncertainties and to
provide for deeper soundings if a more hospitable environment is
discovered on site.
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TERMINAL VELOCITY

In Flgure 13, the "terminal" velocity is presented

for a ballistic parameter of 1 slug/ft2. The "terminal"
veloclty 1s the quasl steady state sink rate at a given altitude
under the influence of the Venusian gravity, and varies as

the inverse square root of the ballistic parameter (m/CDA). The

altitudes and times to achleve terminal velocity are presented
in Figure 14 for the 49,000 fps entry velocity, and show that

the quasl steady state sink rates occur at quite high altitudes.
Following terminal velocity, the corresponding times to descend
between altitudes at these sink rates are presented in Figure 15.
It is apparent that there can be as much as one hour uncertainty
in the time to descent to the planetary surface for a vehicle

with a ballistic parameter of 1 slug/ftz, and considerably more
uncertainty for a very low ballistic parameter parachute descent.

A ballistic parameter of 1 slug/ft2 is used here for
convenlence since most of the parameters scale appropriately.
The ballistic parameter of an entry vehicle, though, will not
be the same at hypersonic and subsonic speeds. In addition,
some form of transonic stability augmentation will probably
be required for any blunt based cone. A drag chute is quite
effective in this respect, and will also change the ballistic
parameter.

REACHING THE TEMPERATE REGION

With the present atmospheric models in mind, it is
of interest to determine the feaslbillity of delivering a
flotation device to the temperate region. An unmanned probe

(m/CDA = 1 slug/ftz) entering the Venuslan atmosphere during

the 1978 dual-planet flyby (V = 49,000 fps) at the undershoot

of the entry corridor (y = -13°) would achieve "terminal"
conditions at an altitude no lower than 130,000 ft., approximately
170 seconds after entry. This is illustrated in Figure 14

based on the low density (worst case) model.

When terminal conditions are achieved, i.e., when
approximately 1 g4 1s sensed on-board, a flotation device
would be deployed and the inflation process begun. Since the

dynamic pressure corresponding to an m/CDA =1 slug/ft2 under
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terminal conditions 1s on the order of 30 psf, utilizing nylon
for the balloon material would eliminate the need for a large
retardation parachute. Only a small supersonic device would

then be needed for transonic stability. Various nylon devices
have been successfully deployed under prolonged dynamic pressures

exceeding 30 psf. Hot gas bag balloons and various paraglider
configurations are examples.

With a small supersonic parachute, deployed to maintain
transonic stability and providing a total system subsonic

m/CDA =1 slug/ftz, it would take approximately 4 minutes (minimum)

to descend from 130,000 feet to 80,000 feet altitude. (80,000
feet in the low density model corresponds to a temperature of
350°F which is an intermittent operational 1limit for nylon

material6.) During the descent, data could be gathered and the
time could be used to deploy and inflate a balloon for flotation.
Following the inflation period, the balloon system would

ascend to the temperate region for operations.

Since descent time would actually be increased with
the drag area of the inflating balloon the vehicle would
never reach such a low altitude. Also, as an alternate
prodecure for large slow filling balloons, a large subsonilc
parachute could be employed to increase the descent time by as
much as a factor of 10.

It is quite reasonable, then, to consider "targeting"
for this temperate band.

OPERATIONAL CONSIDERATIONS

The requirement for shallow entry does present
operational constraints. An entry probe entering at shallow
angles may be out of view of the flyby spacecraft due to the
curvature of the approach trajectory and the large central angle
between the entry point and the approach asymptote. To illustrate
this, data for the 1975 single~planet twilight flyby geometry is

available and i1s used as an example.7 The energy associated with
the 1975 single-planet flyby is considerally less than some of
the multi-planet flyby missions, but the geometry does reveal
some of the operational considerations.

There is a singular relationship between the entry
angle imposed on an entry probe and the position of the entry
point measured on the planet surface from the spacecraft
periapsis. This relationship is presented in Figure 16 for the
1975 single-planet twilight flyby. With a minimum differential
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anomaly of 90° required for visibility between the probe at
entry and the spacecraft on the approach asymptote, the entry
point must be located at an anomaly of U45° or greater. This
would increase to 50° if 5° minimum look angle was imposed.

With the entry point at an anomaly of 45°, then, the probe would
enter at an entry angle of -32° which exceeds the previously
discussed corridor constraint by 20° and would result in

severe heating penalties.

Some adjustment can be made to the entry angle and
anomaly relationship on Figure 16, but it becomes quite costly

- in terms of propulsion.7 The approximate parameter sensitivities

indicated on Figure 16 result in about a 300 ft. per second AV
per degree entry angle to reduce the entry angle at a constant
anomaly angle. 1In addition, this AV practically all goes into
increasing the trajectory energy and, therefore, entry velocity.
Thus, it 1s too impractical to reduce the entry angle propulsively
in order to maintain a constant anomaly for entry point

visibility to the spacecraft on the approach asymptote, i.e.,

a long time before periapsis passage.

This entry angle/anomaly angle relationship should also
be kept in mind in the case of reducing the trajectory energy
in order to provide for a lower entry velocity. When the entry
velocity is reduced, the entry angle willl steepen at a given
anomaly. Entry angle steepening is reduced, though, if the
impulse is applied near entry. In any event, the propulsive
AV would have to bte greater than or equal to the required entry
velocity reduction.

The implications are, therefore, that the entry point
for large entry probes (small, low ballistic parameter atmospheric
probes excluded) will not be visible to the spacecraft for a very
long time before the spacecraft passes periapsis. An idea as
to just how long can be obtained from the times before periapsis
passage for different spacecraft anomaly locations presented in
Figure 14. Thus, for a -12° entry angle, the spacecraft would
not acquire line of sight to the probe (post entry) until about
105° or 1.5 hours before periapsis, assuming the probe entry
point is in the plane of the spacecraft flyby. ovut of plane
entry points will be even more restriction. For direct communica-
tion between probe and spacecraft,a typlcal probe would require
on the order of an hour lead on the spacecraft.

The conclusions to be drawn are that the spacecraft will
be able to communicate to the probes and receive data transmissions
for relatively short periods during the planetary encounter. It
appears, then, that for longer data transmission periods, an
orbiting vehicle will have to be tied into the data 1link. The
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actual penalties will require more detailed analysis with actual
payloads and entry probe ballistic parameters in mind.

AREAS OF INTEREST

As an additional consideration, certain areas on Venus
could require some degree of targeting 1n order to investigate
localized conditions. Several of these areas exist due to the
slow rotational rate of the planet.

Since Venus rotates very slowly on its axis, one side
of the planet faces the sun for long periods while the other
side is occulted. The solar energy absorbed in the atmosphere
on the sunny side will then be the working energy for the
atmospheric circulation patterns. It 1s postulated that this
circulation can be described as a source-sink flow diverging
from the sub-solar point and flowing circumferentially to the

anti-solar point.9 In addition, prolonged heating of the
sub~solar region could result in locallzed atmospheric and
surface phenomena. On the other hand, the Venusian poles receilve
sunlight at very skewed angles and could actually harbor surface
temperature considerably lower than indicated in Figure 12.

With these considerations in mind, then, the four points, i.e.,
sub-solar, anti-solar, North Pole, and South Pole could represent
areas of scientific and exploratory interest.

Three flyby missions were investigated to determine
the relative positions of these four points to the flyby

geometry.8 The results are presented in Table 1. The anomaly
angle is measured from the flyby periapsis to the approach
asymptote, although in general, not in the plane of the flyby.
The entry angle is the approximate angle a probe would enter

at to reach the specific point. The visibllity angle is measured
above the local horizontal at the point of interest to the
approach or departure asymptote of the flyby spacecraft.

Some conculsions can be drawn for the two multi-
planet missions. For the 1977 mission, the sub-solar point
can be investigated with a large probe on the first encounter
while the anti-solar and North Pole would have to wait until
the second encounter. Poor visibility of the sub-solar and
anti-solar points would permit short transmission times, while
the North Pole has excellent visibility during departure.

In 1978, the anti-solar and North Pole are again
accessible with a large probe, but the anti-solar point will
require a very shallow entry.
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The South Pole has poor accessibility throughout the
years, although very shallow entry in the 1977 first encounter
and 1978 missions could put a probe in its proximity.

For the 1975 single-planet flyby, the relatively low
entry velocity (36,000 fps) would permit the investigation of
all the points of interest, although only the anti-solar point
on departure would be visible,

CONCLUSIONS

An attempt has been made to point out some of the
considerations for unmanned entry into the Venusian atmosphere
during a number of the manned flyby missions in the late 1970's.
While the high density structure of the Venusian atmosphere almost
certainly guarantees successful entry in terms of energy dissipation,
the high entry velocitiles penalize entry vehicle designs and
dictate shallow entry corridors resulting in restrictive operational
capability. The operational restrictions 1limit point targeting
and direct data transmission from probes to the flyby spacecraft.

For large probes, the data transmission times would be limited

to on the order of 1.5 to 2 hours during the busy planetary en-
counter period.

Small increases in the entry angle could be tolerated
in terms of the entry heating environment, but in most cases
would have negligable effect on the operational constraints.

The high density structure of the Venusian atmosphere
results in low rates of sink at high altitudes. This produces
large dispersions in time to fall due to uncertainties in the
atmospheric density, but permits high altitude deployment of
payloads.

It is quite reasonable to target for the temperate
region where temperatures are on the order of O0°F to 100°F.
Due to the present uncertainties in the atmosphere, though,
a constant density flotation device can not be used.

N5 Coih,
1013-DEC—-nmm D. E. Cassidy
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Figures 1-17
Table I
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FIGURE 15 TIME-TO-DESCEND FROM ALTITUDE THROUGH VENUS ATMOSPHERE TO S.L.
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FIGURE 16 ANOMALY ANGLE FROM PERIAPSIS vs. ENTRY FLIGHT
PATH ANGLE, 1975 VENUS TWILIGHT FLYBY
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FIGURE 17 ANOMALY ANGLE FROM PERIAPSIS vs. TIME-TO-PERIAPSIS,
1975 VENUS TWILIGHT FLYBY
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